The functional anatomy of visually guided movement was investigated in 18 normal subjects performing visuomotor tracking tasks during positron emission tomography imaging. Tracking a moving target with the index finger defined a network of focal responses of relative cerebral blood flow (relCBF) located in the primary motor cortex, dorsal parietal cortex, precuneate cortex, supplementary motor area (SMA) and ipsilateral anterior cerebellum relative to visual tracking alone. When the temporal complexity of the tracking task was altered by introducing a 'no go' contingency that allowed for greater time for movement preparation, there was a significant increase of relCBF in the SMA (P < 0.0001). When the spatial complexity was augmented by adding a secondary target that provided directional cues for the primary target, there were additional significant increases of relCBF in bilateral dorsal parietal cortex (P < 0.05) and precuneate cortex (P < 0.05). Although the cued 'no go' task was subjectively easier, relCBF responses were similar to the uncued 'no go' task in motor areas. Performing the tracking task with different body parts produced somatotopically distributed responses in only the motor cortex. The findings are concordant with clinical reports of patients with brain lesions and physiological evidence that identifies this distributed network for performing visually guided movement. The results provide direct human evidence in the normal brain that the supplementary motor area contributes in part to the sequencing of movements and the medial and dorsal parietal cortex participates in the integration of spatial attributes during selection of movements.
INTRODUCTION
Accurate, visually guided movement is a critical motor skill that is necessary for survival in most primate species. The simple act of reaching into extrapersonal space to touch a moving target requires a complex series of integrative steps that decode a vast amount of retinal information and culiminate in the recruitment of appropriate motor neurons for directed limb movement (Jeannerod and Prablanc, 1983) . A rapidly growing literature has elucidated the sensory and motor extremes of this process; that is, visual analysis and motor control in both humans and non-human primates (Brooks, 1986; DeYoe and Van Essen, 1988) . Concurrent processing streams direct visual information from striate cortex into visual association areas along multiple interconnected pathways. In nonhuman primate species, the connectivity maps of these parallel processes may be reduced to two paths necessary for the conversion of simple visual cues into associated useful attributes (DeYoe and Van Essen, 1988 ). The first, or 'what' pathway, is principally involved with object recognition and relies on visual cues of hue, binocular disparity cortex to motor neuron, we considered it unlikely that any single point in the brain would be responsible for integrating visual information into discrete motor plans. Rather, it is likely that this conversion occurred in both 'motor' and 'sensory' association areas, cerebellum and subcortical nuclei in a dynamic, parallel manner. From prior electrophysiological experiments in non-human primates, we were particularly interested in the role of the posterior parietal lobe in this conversion along the 'where' pathway (Mountcastle et al., 1975; Yin and Mountcastle, 1977; Jeannerod and Prablanc, 1983) . We hypothesized that the activity of neuronal populations in this network would vary as a function of higher order contingencies demanded of our subjects while they performed a set of visually guided motor tasks. We developed a set of stimulation paradigms with different temporal and spatial complexities for comparison. We also varied the body part used to complete the visuomotor task, to examine the homuncular representation of the motor system and also to serve as an internal control. Theoretically, upstream or 'executor' motor areas and sensory association areas might not differ in the magnitude of their responses when different body parts were used during a tracking task.
We structured our control studies to account for three factors that could potentially confound our interpretation of local relCBF responses during the performance of visually guided movement. The first factor was the activation of cerebral cortex associated with smooth pursuit and saccadic visual tracking that might occur independently of any intended limb movement (Yin and Mountcastle, 1977; Miezin et al., 1987 Miezin et al., , 1988 Godoy et al., 1990; Morrow and Sharpe, 1990 ). Since we were interested in the organization of directed limb movement, this factor was controlled for by having the subjects perform the same tracking task with eyes alone. The second factor was the effect of attention (Spitzer et al., 1988) . Evidence suggests that attention to extrapersonal space is executed as a dispersed, parallel distributed process with nodes located in the frontal eye fields, the inferior parietal lobe and the cingulate gyrus (Posner et al., 1988; Mesulam, 1990) . Previous PET studies have demonstrated that heteromodal and 'upstream' unimodal visual association cortex responses are modulated by attentional mechanisms (Corbetta et al., 1990) . We attempted to disassociate the relCBF responses associated with attention to extrapersonal space from responses secondary to the process of visuomotor planning, by instructing our subjects to perform an active control study. This consisted of visual tracking to a matched target rather than a more passive control state such as sensory deprivation. Finally, we used a target with a constant form, colour and intensity for both the stimulation and control studies to minimize potential activation along the 'what' pathway.
METHODS

Imaging
Images of relCBF were obtained in 18 normal subjects while they performed a series of visually guided motor tracking tasks. Arterial sampling was not performed so that subjects would have at least one untethered arm to perform the motor tasks. Each subject received six intravenous bolus injections of 50 mCi of H 2 I3 O commensurate with dynamic PET imaging with the Siemens/CTI 831-08 tomograph (Siemens Corporation, Hoffman Estates, IL, USA). The device collects 15 contiguous planes, 6.75 mm thick, with an in-plane resolution of 6 mm full width half maximum (FWHM). The final images were reconstructed with a low resolution filter (13 mm FWHM) for the calculation of percent change images and a medium resolution filter (9.5 mm FWHM) for anatomic localization (Figs 1, 2) . Each emission image was corrected for attenuation using a transmission image of the subject collected in the same position with a Germajiium-68 ring source. Head immobilization was achieved with a custom foam mold (Smithers Corporation, Akron, OH, USA).
Estimates of relCBF were based on a modified autoradiographic method Raichle et al., 1983) . Five second frames were collected for 2 min beginning at the time of injection of H 2 I5 O. The first frame showing the arrival of cerebral radioactivity was identified. From this time point the counts for the ensuing 70 s were summed to generate images of relCBF. Difference images demonstrated an optimal signal to noise ratio at approximately this scan duration (Mintun el al., 1989; Grafton et al., 1990) . Relative CBF images have a near linear relationship with absolute CBF and provide a reliable estimate of local CBF with a coefficient of variation of 2.54 for small sized (<2 cm 2 ) regions (Fox et al., 1984; Mazziotta et al., 1985a) . The average number of counts from each global relCBF image were determined and each image was rescaled on a pixel by pixel basis to a common mean of 50 ml/100 ml/min. Effects of this normalization were assumed to cause relative underestimations for local increases in CBF and hence induce a conservative error. Since global changes of CBF are less than 5% when sensory deprivation is not used as a control state, the global effect on regional responses was assumed to be small (Cameron et al., 1990) .
Eight subjects underwent magnetic resonance imaging (MRI) scanning with an inversion recovery protocol (TE = 30 ms, TI = 300 ms and TR = 1275 ms) that generated 30 contiguous planes of data with an interslice distance of 4.4 mm and in-plane resolution of 1 mm (Fonar Systems, 0.35 Tesla, Melville, NY, USA). The MRI scans were characterized as normal by an experienced neuroradiologist.
Subjects
All subjects were studied after giving informed consent in accordance with the UCLA Human Subject Protection Committee. Eighteen normal subjects (17 male, 1 female; mean age 23 yrs) were studied. All subjects were free of medications for at least 6 wks, with no history of nervous system disease, and were normal on detailed neurologic examination. Handedness was determined with a standardized questionnaire and the dominant side was used for performance of tasks unless otherwise specified (15 right-handed, 3 left-handed subjects) (Raczkowski and Kalat, 1974) .
Tasks
Three different stimulation paradigms were presented to subjects from two distinct groups (Group A, n = 12; Group B, n = 6). Table 1 summarizes the organization of the tasks and comparisons of the groups. For the first stimulation paradigm, which we term 'continuous tracking', the subjects were presented with an identical randomly moving 0.5 cm target displayed on a 13 in colour video monitor coupled to a Macintosh Ilex computer (Apple computers, Cupertino, CA, USA). The visual fields peripheral to the computer screen were shielded to eliminate potential visual distractions. The target, moving in a fixed window of 6x8 cm, had a velocity of 20.6 cm/s and changed direction randomly (an average of 200 times per min). There was an imperceptible pause of 80 ms for computer calculations prior to target displacement in a new direction. The scanning was performed in a dimly lit room where the only ambient sound was from a tomograph fan.
Twelve Group A subjects tracked the continuous tracking target with their dominant index finger. The subjects held an arm outstretched, with the index finger lightly touching the screen. They were instructed to keep the moving target covered as much as possible. The axis of rotation was about the first metacarpophalangeal joint. The hand was lightly braced against the video terminal for stability and the subjects were allowed to practise the tracking until only the first finger of their dominant hand slid gently over the target without any jumping movements. Subjects practised the motor tasks for approximately 5 min prior to PET imaging. In a previously reported reproducibility study of continuous tracking with the dominant index finger, we found no evidence of a systematic change of the peak relCBF response with repeat measurement to suggest an effect of practice or habituation (Grafton et al., 1991) . Each task was then performed for 2 min beginning with the bolus injection of 50 mCi of H 2 I5 O and dynamic imaging. The subjects were monitored by visual inspection for any axial or appendicular movements other than the specified body part. They were also rated for their performance in following a target and rewarded monetarily if the target was covered greater than 50% of the time.
Two of the Group A subjects tracked the target twice with the dominant hand and twice with the nondominant hand.
Four of the Group A subjects followed the continuous tracking target with the great toe ipsilateral to their dominant hand. The leg was completely relaxed at the hip and knee and lay in extension. Flexion and extension of the great toe and rotatory movements at the ankle allowed for accurate tracking. Because the computer screen was closer to the subject's eyes than to the toe, the subjects did not have visual feedback from projection cues to confirm accurate spatial displacement of the toe in reference to the moving target on the computer screen.
Five of the Group A subjects tracked the continuous tracking target with their extended tongue. They were coached not to use their lips, face or limbs in concert with the tongue movements.
Each of these 12 subjects also performed matching control studies, during which the subjects were instructed to follow the movement of the same target with their eyes only.
The six subjects from Group B performed only index finger tracking, as opposed to other body parts, in response to two other stimulation paradigms (Table 1 ). In the first of these two paradigms, termed 'intermittent tracking', the same target as in the continuous tracking task was presented, and moving at the same speed of 20.6 m/s. The target changed direction less frequently, at 75 times per minute. Each target displacement ended with a 580 ms pause of fixed duration prior to the next displacement in a new direction. The subjects were instructed to keep the target covered with their dominant index finger. The task required finger tracking alternating with stationary target fixation and anticipation, and thus defined a 'no go' contingency.
In the other Group B stimulation paradigm, termed 'intermittent tracking with directional cue', the same primary target, 'no go' contingency and instructions were presented. In addition, a smaller (0.25 cm diameter) secondary target was presented. The secondary target would appear at the next intended site of displacement of the primary target 500 ms prior to the initiation of movement of the first target. Thus, the secondary target provided direction and distance cues for the accurate tracking of the primary target. Subjects were instructed not to jump ahead to the secondary target, but rather to keep the primary target covered at all times. The secondary target was also present in the intermittent tracking task to balance the number of targets presented between the two states; however, in the intermittent tracking task it lagged behind the primary target (500 ms) and provided no directional information.
Each Group B subject performed the intermittent tracking and intermittent tracking with directional cue tasks twice. Control images of eye movements alone were obtained for both the intermittent tracking and the intermittent tracking with directional cue tasks.
Image analysis
Percentage change of relCBF between two globally normalized images, where percent change = [(Stimulus-Control)/Control]X 100, were calculated within each subject on a pixel by pixel basis. Only increases in CBF were analysed for this report. Each percentage change image was analysed for misregistration in two ways. The first was to calculate the coefficient of variation of the distribution of all pixels in the brain on the percentage change image. A coefficient of variation greater than 30% was found to indicate misregistration. Also, the percentage change images were inspected for rims of activity along the cortical surface or as a halo over the dorsal portion of the brain that would occur with misregistration. Images from three subjects who would have been in the group of 18 subjects demonstrated these findings and they were excluded from this report.
Image analysis was limited to brain regions hypothesized a priori, to be involved in the performance of visually guided movement. To define foci in these regions, peak sites of increased relCBF were directly identified on the percent change images of the continuous tracking and intermittent tracking with directional cue tasks in the bilateral primary motor cortex, dorsal parietal cortex, precuneate cortex, SMA and ipsilateral anterior superior cerebellum. All of the motor and cerebellar foci were statistically significant when tested with a Z-score analysis for detection of outliers in a difference image between one continuous tracking task and two control states for each Group A subject . Responses in parietal regions were near significance in Group A subjects and reached significance in the Group B subjects. The latter group had two studies per condition for comparison, and the associated reduction in variance increased the sensitivity to detect the parietal responses. Responses in premotor and postcentral gyms cortex were not included because of the close adjacency to the primary motor cortex and partial volume effect. Although there may have been additional sites of significantly increased relCBF throughout the brain, the study design was blinded to them and they were not included in this analysis.
To verify the location of each focus noted above, the three-dimensional spatial coordinates for each were recorded and mapped onto the same subject's unsubtracted relCBF images (reconstructed with a high resolution filter of 9.5 mm FWHM for improved anatomical localization). The foci were also mapped onto MRI scans in the eight subjects with matching MRI sets (Pelizzari et al., 1989) . This localization approach avoided the use of stereotactic translations of images from different subjects onto a generic atlas, a procedure that could potentially propagate errors in the identification of specific gyral anatomy (Fox et al., 1985a) . To do the registration, contours at the skin surface obtained from the MRI and the PET transmission scan sets were aligned (Pelizzari et al., 1989) . The PET percentage change images were then resliced to match the MRI set to allow for accurate anatomical localization of intrasubject cortical responses. An unsubtracted H 2 I5 O study from each subject was also resliced and compared with the MRI scan to verify the accuracy of the registration and alignment between the two study modalities.
The precentral gyms and anterior superior cerebellum could be identified directly from the unsubtracted high resolution axial relCBF image or MRI (Fig. 1) . To confirm localization of parasagittal foci, the unsubtracted relCBF image, MRI and percentage change images were resliced into 3 cm thick sagittal sections with the centre slice centred at the midline and, thus, including cortex from both hemispheres (Fig. 2 ). This was done using the 'Explorer' program and the Apple Macintosh computer (software developed FIG. 1. Functional anatomy of continuous target tracking with the dominant (left) index finger. The PET relCBF images have been matched and registered with an MRI study from the same subject. All positive increases of relCBF (in white scale) are superimposed on axial MRI sections. A large focus is present in the right hemisphere spanning the precentral gyms, the premotor area (PM) and extending into the postcentral gyms. The peak site of response for this focus was in the precentral gyrus. Foci of activation are also present in the precuneate cortex (PC), and bilateral dorsal parietal (DP) cortex. Subtle increases of CBF are also visible in bilateral dorsolateral prefromal cortex; however, this was not a consistent finding across subjects and was not included in the analysis. The inferior section demonstrates a response in the ipsilateral anterior cerbellum (CER).
FIG. 2.
Sagittal sections of relCBF and superimposed positive increases of CBF (in white scale) in a subject peforming the continuous tracking task with the dominant index finger. Images have been rcsliced in a standardized manner to 3 cm thick sagittal planes. The midline section (left) demonstrates SMA and precuneate cortex (PC) foci anterior and posterior to the central sulcus, respectively, and an anterior cerebellar (CER) response inferior to the tentonum. The parasagittal section (right), passing through the dorsal parietal cortex, demonstrates dorsal parietal (DP) and superior motor cortex premotor area (PM) responses. The parieto-occipital fissure (POF) is visible as an additional anatomic reference. Foci are clearly detectable in other areas; however, they were not evaluated in this study.
by Osman Ratib, Gerold Porenta, and Bill Kuhle, UCLA Division of Nuclear Medicine and Biophysics, Los Angeles, CA, USA) (Ratib and Huang, 1989) . The pre-and post-central gyri, calcarine cortex, cingulate sulcus and parieto-occipital fissure were identified on the midline sagittal section of each unsubtracted relCBF or MRI study (Fig. 2 ). These structures formed boundaries for the regionalization of precuneate, cuneate and posterior boundary of the supplementary motor cortex. The average distance from the medial central sulcus to the SMA response was 2±0.2 cm (Fig. 2) .
We did not attempt to divide brain regions in parasagittal cortex into right and left sides because of the potential errors of quantification of closely placed foci on either side of the midline that would occur secondary to the partial volume effect in the low resolution percentage change images. Dorsal parietal cortex was defined on 3 cm thick sagittal sections located 3 cm lateral to the midline (Fig. 2) .
After registration, alignment and reslicing of the PET studies, three-dimensional volume rendered images of the grey/white border of the MRI study were also created with Analyze program (Mayo Clinic, Rochester, MI, USA). The grey/white border was used for the MRI studies to allow for the visualization of deep sites of focal activation within sulci. Colour PET studies were then added at varying thresholds above a given percentage change in relCBF.
Task comparisons
Six of the subjects in Group A performed the index finger continuous tracking task twice and all of the Group B subjects performed the intermittent tracking and intermittent tracking with directional cue tasks twice. These paired studies were averaged together prior to calculation of percentage change images. Table 1 summarizes the organization of the study comparisons. A direct comparison of Groups A and B motor tasks could not be made since they were from different populations. Therefore, each task was analysed with respect to a matching control. The relCBF change in each site of the visuomotor network defined above could then be compared across groups and conditions. This strategy assumed that the control studies uniformly corrected for effects of visual tracking, attention and non-motor factors across groups and conditions. For each Group A subject, the control study was subtracted from the matching continuous tracking motor task and percentage change images were derived. Although the intermittent tracking without and with directional cue tasks were both performed by Group B, a direct comparison of these tasks was not made. Instead, relCBF changes with respect to the intermittent tracking control image were calculated to facilitate comparison with the Group A results.
Response quantification
Estimation of the magnitude of a relCBF response is confounded by the partial volume effect in reconstructed PET images. Response size and magnitude cannot be simultaneously determined. If structure size can be estimated from anatomic imaging such as MRI then a better estimate of the true magnitude of a response can be obtained. This strategy was used for estimating the magnitude of responses in subcortical structures, as described below. For measurements of cortical responses, where the boundary of structures is less certain on anatomical images, this strategy is still in development. Therefore, we used the maximum percentage change of relCBF in each cortical focus to quantify local responses. This measure, although given as a change in magnitude, also reflects, to an unknown degree, a change in response volume. In a previous study we determined that the coefficient of variation for this measure is approximately 9% in subjects performing the same task serially (Grafton et al., 1991) . The variation in the site of the maximum response in the primary motor cortex, anterior cerebellum and SMA was also measured. Confidence intervals (95%) defining spheres of radii 5.4 mm, 4.4 mm and 4.2 mm were defined for these three sites, respectively. That is, any two foci could be considered as significantly distinct if separated by approximately 5 mm in any direction. However, the magnitude of two adjacent foci could not be quantified if they were closer than the instrument resolving power (FWHM = 12 mm).
Relative CBF responses in subcortical structures were measured with region of interest templates drawn on unsubtracted relCBF images or, when available, the matched and registered MRI scans over the right and left caudate, putamen and thalamus. Percentage changes in relCBF in these regions were then calculated. For brain structures spanning multiple image planes, the average relative increase in CBF, weighted by cross-sectional area in each plane, was calculated.
Statistical analysis
Between groups comparisons of the peak percentage change of relCBF responses were performed by analysis of variance (ANOVA). Inter-regional correlations were analysed by simple linear regression. A paired t test was used to compare the peak responses of relCBF, measured at the same loci, between the intermittent tracking and intermittent tracking with directional cue tasks.
RESULTS
Localization
Reproducible focal responses of relCBF could be identified in all subjects. For those subjects with matched and registered PET and MRI, the three-dimensional localization of PET relCBF responses were displayed directly onto MRI and rendered in three dimensions (Fig. 3) . This imaging approach allowed for the rapid visual screening of cortical blood flow responses in single subjects and provided an overall impression of the distribution of cortical sites contributing to cerebral operations linked to the neurobehavioural tasks being performed. All of the tasks were associated with distinct relCBF responses in both ipsilateral and contralateral primary motor cortex, SMA, dorsal parietal, precuneate cortex and ipsilateral anterior cerebellum. The aggregate of these sites formed a functional network active during visuomotor tracking. The effect of changes in somatotopic, temporal and spatial parameters on each site of this network could then be examined.
Homunculus studies
Focal increases of relCBF in the primary motor cortex followed the classic sequential somatotopic representation as defined by Penfield (Penfield and Boldrey, 1937) . Bloodflow responses secondary to toe movements were close to the interhemispheric fissure, those of finger movements were approximately two-thirds of the distance from the lateral fissure to the interhemispheric fissure and those of tongue movements were close to the lateral fissure.
Quantitative measures of the magnitude of focal responses in different cortical sites as a function of the body part used to perform the continuous tracking task are summarized FIG. 3 . The distribution of cortical responses associated with continuous finger tracking of the dominant index finger in three right-handed and one left-handed subjects (upper left). Three-dimensional surface rendered percentage change images of relCBF above a 10% increase (in red) have been mapped onto the same subject's registered and aligned MRI scan. The MRI images have been digitally edited so that the depicted surface is at the grey/white matter boundary. Frontal lobe is at the top and the subject's right hemisphere is to the right. The four arrows identify (clockwise, from bottom), the precuneate cortex, posterior parietal cortex, contralateral motor cortex/premotor area and contiguous dorsal parietal cortex, and SMA. This display technique allows for the rapid visual screening and interpretation of distributed blood flow responses associated with neurobehavioural tasks.
in Table 2 . Although the subjects touched the screen with the index finger task and not the other tasks, there was no difference of the peak response in the contralateral primary motor cortex. Thus, the relative contribution of somatosensory input to the precentral cortex response was presumed to be minimal. Tongue movements were associated with symmetric motor cortex responses. Supplementary motor area responses did not vary as a function of body part; however, responses in the anterior cerebellum were significantly less during tongue movements. In the sensory association areas, there was no difference in the relCBF responses as a function of the body part used when the same continuous tracking stimulus was presented.
The hypothesis that discrete foci of increased relCBF were acting as a functionally connected unit could be examined by assessing the relative correlation of responses across subjects performing the index finger continuous tracking and eye tracking tasks. This definition of functional connectivity relies on a correlation of the magnitude of responses in spatially distinct sites, rather than a correlation of temporal responses. An analogous strategy has been used in several other recent PET investigations (Friston et al., 1990;  Chollet et al., 1991; Zeki etal, 1991) . These interrelationships were examined by linear regression (Fig. 4) . Because we were correlating difference images, the analysis examined interrelationships across both brain states and subjects. Significant correlations were present between the contralateral motor cortex and (1) ipsilateral motor cortex (r 2 = 0.4, P < 0.05) and (2) bilateral SMA (r 2 = 0.48, P < 0.05). In contrast, ipsilateral cerebellar relCBF responses were close in magnitude to contralateral primary motor cortex relCBF responses and there was no significant correlation between the two foci (r 2 = 0.1, P > 0.05), suggesting either a functional independence between these two areas or insufficient methodologic fidelity (due to excessive variance) to demonstrate a correlation. Similar significant relationships were also present for the responses during the tongue continuous tracking task. Thus, the interrelationship of responses in the SMA and ipsilateral motor cotex with the contralateral motor cortex responses were independent of the body part used.
Response lateralization
To further examine the possibility of hemispheric lateralization and effects of hand dominance, two subjects performed the continuous tracking task twice with their dominant hand and twice with their non-dominant hand. When using their non-dominant hand, the magnitude of responses in the contralateral (right) and ipsilateral (left) motor cortex were similar to responses of the contralateral (left) and ipsilateral (right) cortex with the dominant hand. In contrast, both subjects demonstrated SMA and cerebellar responses that were greater than the expected 95 % confidence interval when the same task was performed with the non-dominant compared with dominant hand. Parietal responses during tracking with the non-dominant hand were symmetric homologues to those with the dominant hand. That is, greater relCBF responses were present in the hemisphere contralateral to the limb performing the task.
Continuous versus intermittent tracking (dominant index finger)
The effect of altering the contingencies required to perform each of the motor tasks with the dominant index finger was analysed by performing a group comparison across the three stimulation paradigms with ANOVA. The results are summarized in Table 3 . The major operational difference between the intermittent tracking task and Between group comparisons by ANOVA, *P < 0.05; **P < 0.0001. n.m. = not measured, see Methods.
the continuous tracking task was the introduction of a 'no go' contingency. The addition of this temporally predictable attribute was associated with a significant increase of relCBF in the SMA (F 223 = 14.0, P < 0.0001). Despite the decrease in the number of directional changes per minute with the introduction of a 'no go' contingency compared with continuous tracking, there were no differences in the magnitude of relCBF responses in contralateral motor cortex (F 223 = 0.14, P > 0.05), ipsilateral motor cortex (F2.23 = 0.67, P > 0.05) or cerebellum (F 223 = 0.17, P > 0.05). No significant differences were noted between the continuous tracking and intermittent tracking tasks in either dorsal parietal or precuneate foci. Therefore, the addition of a 'no go' contingency was reflected most dramatically by an increased response of the SMA.
Intermittent tracking with directional cues
Performance of the intermittent tracking task with directional cues added both vectoral and distance information; that is, visuospatial attributes, to the 'no go' intermittent tracking paradigm. With this task there were no significant between group differences of relCBF in any of the motor areas examined (Table 3 ). In contrast, there were significant increases of relCBF in contralateral dorsal parietal cortex (F 2 23 = 4.77, P < 0.02) relative to the continuous tracking task, and in the precuneate cortex (F 223 = 3.66, P < 0.05) relative to both the continuous tracking and intermittent tracking tasks.
Because the intermittent tracking and intermittent tracking with directional cue tasks were performed by a single group of subjects, a pair-wise comparison could be made to detect differences in foci related to these two tasks. The increased demand of visuospatial processing during performance of the intermittent tracking with directional cue task was associated with significant increases of relCBF in the contralateral dorsal parietal cortex (P < 0.02), ipsilateral dorsal parietal cortex (P < 0.05) and precuneate cortex {P < 0.05) relative to the intermittent tracking task (Fig. 5) . The parietal response was greater on the contralateral (left) side in all six subjects.
After completion of the study, the subjects reported that the intermittent tracking task was subjectively easier to complete when the directional cue was provided. Despite this reported decrease in task demand on the subjects, the responses in motor cortex, SMA and cerebellum were similar in the two tasks (Fig. 6) . Thus, the predominant effect of altering the complexity of the interpretation of visuospatial information was an increase of relCBF in bilateral dorsal parietal and precuneate cortex.
Subcortical responses
Quantitative region-of-interest analysis of the right and left putamen, caudate, globus pallidus and thalamus revealed no significant between group differences of relCBF associated with any of the tracking tasks. Regional responses ranged from 0% to 2% of increased relCBF, values that were not significantly greater than measures of image noise derived from control minus control comparisons. In addition, no asymmetries of relCBF were noted in subcortical structures. Correlation analysis demonstrated no significant linear regression fits between any subcortical and cortical structures.
DISCUSSION
Using a set of related tracking tasks, we examined a cerebral network that is active during the performance of a set of visually guided movements relative to visual tracking FKJ. 6. Scatlerplot of focal relCBF responses in contralateral motor cortex, ipsilateral motor cortex, SMA and ipsilateral anterior cerebellum for the six subjects performing the intermittent tracking (IT) and intermittent tracking with directional cue (ITC) tasks. Foci in all four areas demonstrated no significant change of relCBF by paired two-tailed / test even though the tasks were subjectively easier with the addition of direction and distance cues in the ITC task.
alone. The network is widely distributed, involving sensory association cortex, cerebellum and multiple motor areas. The common functional attributes measured across conditions that induce responses in this network include movement selection, sequencing and execution. Common functional attributes controlled for across conditions would include visual tracking, attention and non-motoric effects of the scanning environment.
We investigated the functional properties of each site of the cortical network by altering the somatotopic, temporal or spatial complexity in the neurobehavioural tasks. Our neurobehavioural paradigm design could not separate purely motor from sensory components to identify a discrete site of the brain where visual information was transformed into signals for motor control. That is, all four conditions measured effects of visual integration, motor selection and sequencing to different degrees. The findings show that different cortical domains are more or less active with various aspects of this visuomotor interaction. Since our analysis was performed on a limited set of brain areas, we cannot exclude the possibility that additional cortical sites are also involved in visuomotor processing. The properties of each of the brain regions that were investigated will be discussed in light of previously reported functional attributes suggested by the deficits associated with acquired lesions and neuronal responses determined by neurophysiological experiments and PET studies of these same areas.
Parietal lobe
The most interesting finding in this study was the enhanced activation of bilateral superior parietal and precuneate cortex during cued visually guided movement. Parietal responses were present for all the visuomotor tasks, irrespective of the limb used or whether there was a somatosensory feedback or not. They were significantly greater during intermittent tracking than continuous tracking. Of note, parietal responses were maximal when a directional cue was also introduced. This task and matching control were designed so that the subject would have to select and integrate useful visual information into a pre-existing, goal directed motor plan. Previous PET studies have demonstrated activation of the dorsal parietal region during visually directed movement. In early studies, effects of attention, eye movements, visual scanning and motor performance were not controlled for and thus interpretation of the specific contribution of dorsal parietal cortex to visuomotor processing could not be deduced (Roland, 1984) . A recent PET study of the selection of movement in which these potentially confounding variables were carefully controlled for, has also demonstrated robust responses of CBF in the superior parietal cortex . Responses in this area were present whether the task was driven by internal or external (auditory) cues compared with fixed movements, suggesting a critical role of this area for movement selection, rather than movement execution. Our results using visual cues demonstrate that this site, along with the precuneate cortex, is critical for movement selection based on the integration of visual information as a step in generating an executable visually guided motor plan. The combined PET results suggest that the responses in bilateral dorsal parietal cortices during selection of movement are in part modality-independent, since they occur with both visual and auditory external cues as well as internal cues. Further studies may define whether there are modality specific subregions within the superior parietal cortex.
Localization of PET relCBF responses to bilateral dorsal parietal and precuneate cortex during visually guided movement are concordant with the clinical state known as 'optic ataxia'. This sign, manifest as an inability to point or reach accurately at a target under visual guidance, was first decribed by Balint in a patient with bilateral occipital-parietal lobe lesions (Balint, 1909) . The patient also had defects of impaired visual scanning (ocular apraxia) and visual disorientation (simultagnosia) and represents the hallmark case for Balint's syndrome (Balint, 1909) . Since that report, it has been repeatedly demonstrated that optic ataxia can occur in isolation with either unilateral or bilateral posterior parietal lesions (Garcin et al., 1967; Rondot and de Recondo, 1974; Boiler et al., 1975; Tzavaras and Masure, 1976; Rondot et al, 1977; Levine et al, 1978; Damasio and Benton, 1979; Auerbach and Alexander, 1981; Denes et al., 1982; Ferro et al, 1983; Ferro, 1984; Perenin and Vighetto, 1988) . The findings of optic ataxia are distinct. It is a visuomotor disorder without visual field loss, inattention, neglect or visual space misperceptions. It is modality specific; patients preserve accuracy in pointing to sounds or to parts of the self by using audio or somatosensory cues for spatial orientation. Elementary motor function is unaltered; however, in a fraction of cases there may be hypokinesia, slight weakness, abnormal resting arm posture or slowing of alternating finger movements. The visuomotor deficit is seen in both distal and proximal limb components, manifest as errors in reaching, hand orientation and individual finger movements.
In the most extensive study to date, Perinen and Vighetto compared the location of abnormalities in eight patients with optic ataxia (Perenin and Vighetto, 1988) . The lesion's most common location was in the contralateral interparietal sulcus extending into the superior parietal lobule and the precuneus (Fig. 7) . The location is in excellent agreement with the site of superior parietal responses detected in our PET visually guided finger-10 Fie. 7. Reconstruction of the CT location of parietal lesions in eight patients with optic ataxia. The common locus is in the region of the interparietal sulcus. superior parietal lobule and precuneus, similar to the responses obtained with PET during visually guided movement (adapted from Perenin and Vighetto, 1988) . A, individuals; B, group composite.
tracking tasks, demonstrating a close correlation between PET functional responses and clinical deficits from lesion studies.
Functional comparisons of our parietal lobe PET relCBF responses with electrophysiological studies of single unit recordings in non-human primate species should be made with some caution. The PET relCBF measures of cerebral 'activation' measure large neuronal populations with functional properties that are more general than those derived from single neuron studies. Ideally the attributes of single neurons should be concordant with responses associated with PET studies using similar neurobehavioural paradigms. Differences in the cytoarchitectonic organization of the dorsal parietal cortex between species must also be accounted for. For example, the human parietal lobe has considerably greater mass in Brodmann's areas 5 and 7 as well as additional gyri not present in other primate species, such as the angular and supramarginal gyri. Despite these complexities, important similarities exist between species.
Parietal lobe neurons of the macaque species have been parcelled into two domains corresponding to the superior (Brodmann's area 5) and inferior (Brodmann's area 7) parietal lobules. Neurons in the superior parietal lobule are active with passive joint rotation, deep tissue sensation and hand manipulation, amongst others (Mountcastle et al., 1975) . In humans, the dorsal parietal cortex adjacent to the postcentral gyrus (Brodmann's area 5) is active during somatosensory association tasks. Lesions at this site typically cause astereognosis and agraphaesthesia (Ginsberg et al., 1987) . This site is anterior to the superior parietal responses associated with our PET study, suggesting a functional disassociation of visual and somatosensory processing in the dorsal parietal lobe.
Unlike Brodmann's area 5, neurons of the inferior parietal cortex, in non-human primates, coresponding to Brodmann's area 7, are active during visual fixation, projection and hand manipulation, visual tracking, and recognition of visual space, amongst others (Mountcastle et al., 1975) . Lesions of this area that extend posteriorly to the parietooccipital junction cause defects in exploration of extrapersonal space characterized by visual inattention and neglect, with or without visual field defects (Haaxma and Kuypers, 1974) .
Visuomotor experiments of the superior and inferior parietal cortex (Brodmann's area 7) in humans compared with other primate species are best interpreted in the context of the functional anatomy of visual attention and goal-directed behaviour. Mesulam has recently reviewed the important role of the inferior parietal lobe (von Economo's area PG) as a node for directing attention to multimodal information travelling in parallel distributed processes (von Economo, 1929; Mesulam, 1990) . The well-known deficits of hemineglect, simultagnosia and impaired visual scanning are all associated with lesions in this area, particularly when located in the right hemisphere. The PET studies in humans have also demonstrated activation of the inferior parietal lobe during attention to object velocity (Corbetta et al., 1990) . Our results support the hypothesis that the human posterior parietal lobe (Brodmann's area 7) may be partitioned into inferior and superior functional units corresponding approximately to the inferior parietal lobule and superior parietal and precuneate cortex. The former area is involved in directed visual attention and is an early 'node' (in the temporal sense) of the 'where' pathway for visual processing, critical for the recognition of movement and velocity. The superior parietal and precuneate cortex are necessary for integrating visual cues into movement selection, independent of the body part used to perform the task. Whether an analogous functional distinction is also present in other primates remains to be determined.
Additional evidence from lesion studies would suggest a dichotomous flow of visual information from inferior parietal and parieto-occipital cortex to the superior parietal lobe. Although focal lesions can cause optic ataxia without defects in visual scanning, the converse is not true. When other defects such as Gerstmann's syndrome, ideomotor apraxia, optic apraxia or neglect were also present with optic ataxia, the lesion typically extended to the inferior parietal lobe or parieto-occipital junction (Heilman et al., 1986; Pierrot-Deseilligny et al., 1986; Perenin and Vighetto, 1988; Trillet et al., 1989) . The findings suggest a dissociation of function necessary for the computation of visual information for the performance of visuomotor tasks. Visual attention must first be directed to an object before the object can be interpreted as a target that has value in the context of goal-directed behaviour (Jeannerod and Prablanc, 1983) . Once this interpretation is made, a goal-oriented motor plan is generated. Both steps are likely gated by internal drives arising from limbic, cingulate and frontal cortical domains (Mesulam, 1981; Posner et al, 1988) .
Deficits associated with inferior parietal lesions in humans typically demonstrate functional lateralization with neglect more commonly associated with right hemispheric lesions (Heilman and Van Den Abell, 1980; Mesulam, 1981) . We could not detect a similar pattern of hemispheric lateralization in the relCBF responses of the superior parietal cortex. Although the number of subjects performing the continuous tracking task with the dominant and then non-dominant hand was small, we found that posterior parietal responses were always greater in the contralateral hemisphere for both the dominant and non-dominant hand. The findings suggest a hand effect without hemispheric lateralization.
Since we used full visual field stimulation, field effects could not be examined directly. Most patients with optic ataxia have a unilateral injury to the dorsal parietal lobe and are impaired in reaching with either hand for objects located in the visual field contralateral to the parietal lesion, consistent with a visual field organization of this region (Perenin and Vighetto, 1988) . In some, however, there is impairment of a single hand in one hemifield, suggesting a hand effect (Tzavaras and Masure, 1976; Auerbach and Alexander, 1981) . We would propose that bilateral dorsoparietal cortex is comprised of a mixture of both hand and field sensitive neurons. This would be the cortical level at which extrapersonal hemispheric spatial information is transformed into an intrapersonal somatotopic representation. Long association fibres project from the dorsal parietal cortex into premotor and prefrontal cortex, providing the critical link from sensory to motor association areas from which motor action can be orchestrated.
Supplementary motor area
A role for the SMA in the sequencing of movement has long been postulated, based on observations from lesion studies, electrophysiological recordings, blood flow imaging and direct cortical stimulation (Ingvar and philipson, 1977; Lassen etal., 1977; Lauritzen et al, 1981; Freund, 1984) . Lesions within this dorsomedial site are associated with a severe reduction in spontaneous motor activity, arrest of propositional speech, impaired bimanual coordination, the development of mirror writing or movements and impairment of memory guided saccadic eye movements (Brinkman, 1981; Laplane et al, 1981; Goldberg, 1985; Chan and Ross, 1988; Gaymard et al, 1990) . The concept that the SMA operates as a 'supramotor' centre for the sequencing and initiation of movement is supported by the loss of spontaneous movement and speech after bilateral SMA injury (without paralysis), the presence of early negative potentials on scalp recordings emanating from this area (Bereitschaftspotential) and CBF imaging studies that have shown an increase of flow during both motor ideation without movement and with the performance of complex finger movements (Ingvar and Philipson, 1977; Orgogozo and Larsen, 1979; Roland et al., 1980; Deecke, 1987) . Our results are concordant with the concept that the SMA acts as a movement sequencer, independent of body part used to perform the task. We found a significant increase of relCBF in this region when the tracking task changed from a continuous to an intermittent 'no go' paradigm. In the latter case the subject is allotted greater time for movement preparation. Another recent PET result has demonstrated an analogous finding . A greater response was noted in the SMA when subjects were allowed to prepare a movement before an internally driven cue rather than an external cue. The two studies used different types of external stimuli, suggesting this function of the SMA is not modality specific. Our data would suggest that the SMA may not be involved with the integration of visuomotor targets into a motor plan. When a directional and distance cue was added to the 'no go' task, we detected no further augmentation of relCBF in this area. The SMA may be a sequencer of motor plans that are molded into more precise movements by other cortical areas utilizing visual, somatosensory, spinocerebellar and vestibular feedback.
Supplementary motor area responses may also reflect the difficulty of a motor task. We found a significant correlation between SMA and motor cortex responses across all subjects, suggesting they respond as a functionally connected unit. In addition, we found that SMA responses were significantly greater when subjects performed the same tracking task with the non-dominant hand, even though motor cortex responses were similar to the dominant hand. The non-dominant motor cortex may require a greater modulation by the SMA to perform an equivalent task than the dominant cortex. Characterization of regional interrelationships such as these will be critical for the interpretation of findings in patients with functional recovery after cerebral injury or developmental plasticity (Brion et al., 1989; Calford and Tweedale, 1990; Chollet etai, 1991) .
Cerebellum
Previous mapping studies with PET have demonstrated increased CBF in the human cerebellum during patterned finger movements and with maintenance of hand posture (Fox et al., 19856; Colebatch et al., 1990 Colebatch et al., , 1991 . When task execution is controlled for, responses are no longer significant . In our study, no differences were noted as the spatial or temporal complexity was altered. The common denominator of the PET anterior cerebellar responses, therefore, has been execution of motor tasks driven by either visual, auditory or internally programmed cues. The response in our study varied as a function of the body part used, with a diminished response during tongue (axial) compared with toe or finger (appendicular) movements, suggesting functional specialization for limb rather than axial movements. It has been proposed "that this cortical region of the cerebellum serves as a 'comparator' concerned with the detailed execution of movement (Thach, 1968 (Thach, , 1978 Lundberg, 1971; Strick, 1983; Stein, 1986; Leiner et al., 1987; Lisberger, 1988; Inhoff etal, 1989) . The major afferents in this area are from the prefrontal and premotor cortex via cortico-ponto-cerebellar mossy fibres and the extrinsic spinocerebellar afferents providing proprioceptive information from the periphery (Vachananda, 1959; Tsukahara et al., 1968) . Desired limb position, commanded by motor cortical areas are compared with actual limb position, signalled by the proprioceptive afferents. Disruption of the outflow from this area by cooling of the interpositus nucleus causes a delayed and insufficient compensation in response to a mechanical torque pulse, leading to limb oscillation (Stein, 1986) .
Precentral cortex
The magnitude of relCBF responses remained constant across somatotopic, temporal and spatial contingencies, suggesting a relative stability in the execution of the different motor plans. The robust response in the primary motor cortex allows for non-invasive mapping of the primary motor cortex in individual subjects. This may be applied clinically to patients with a number of cerebral disorders including arteriovenous malformations, neoplasms and epilepsy. The combination of PET and MRI can be used as a preoperative localization technique for optimizing resection boundaries.
Subcortical sites
No significant increases in regional relCBF were demonstrated in basal ganglia nuclei for any of the tasks. The absence of these basal ganglia responses in our study may be a function of the random visuomotor task we used. Our task was unpatterned and used an active control state with eye movements. Previous authors have demonstrated striatal and thalamic responses in subjects performing a patterned task requiring digit tapping in a complex sequence compared with a control state of sensory deprivation (Roland et al., 1982; Mazziotta et al., 19856) . Subcortical responses have also been noted in patients after recovery from stroke who perform similar patterned digit movements (Chollet et al, 1991) .
Methodological considerations
An implicit assumption of our report, among others, has been that a linear relationship between CBF and neuronal activity is present throughout heteromodal association cortex, motor areas and subcortical nuclei. It remains to be determined how cortical neurons control local CBF as a first step towards confirming this linear relationship throughout the neocortex. Comparative studies that combine electrophysiological and PET imaging methods in non-human primates or humans undergoing cortical mapping are needed to characterize the spatial and temporal features that couple flow and neuronal activity.
Our results demonstrate that functional attributes may be studied in a widely dispersed cortical network by minor alterations of a neurobehavioural paradigm. The PET approach allows for the simultaneous examination of a large-scale network, and provides a map that localizes the optimal sites for more detailed analysis with electrophysiological or biochemical techiques.
